Long noncoding RNA (lncRNA) are non-protein-coding transcripts greater than 200 nucleotides that regulate gene expression. The field of transcriptomics is only beginning to understand the role of lncRNA in host defense. Little is known about the role of lncRNA in the response to infection by intracellular pathogens such as Toxoplasma gondii. Using a microarray, we examined the differential expression of 35,923 lncRNAs and 24,881 mRNAs in mouse bone-marrow-derived macrophages during infection with high-and low-virulence T. gondii strains. We found that 1,522 lncRNA molecules were differentially regulated during infection with the high-virulence Type I strain, versus 528 with the lessvirulent Type II strain. Of these lncRNAs, 282 were co-regulated with a nearby or overlapping mRNAincluding approximately 60 mRNAs with immune-related functions. We validated the microarray for 4 lncRNAs and 4 mRNAs using qRT-PCR. Using deletion strains of T. gondii, we found that the secretory kinase ROP16 controls upregulation of lncRNAs Csf1-lnc and Socs2-lnc, demonstrating that the parasite directly manipulates host lncRNA expression. Given the number of regulated lncRNAs and the magnitude of the expression changes, we hypothesize that these molecules constitute both an additional regulatory layer in the host response to infection and a target for manipulation by T. gondii.
In this study, we report the comprehensive survey of host lncRNAs regulated during Toxoplasma infection. Using a commercial microarray, we examined the differential gene expression of 35,923 putative lncRNA and 24,881 mRNA species in mouse bone-marrow-derived macrophages (BMDM). We found that 1,902 unique lncR-NAs and 1,927 unique mRNAs were regulated by infection with either the high-virulence RH or the less-virulent PTG strain. Of these lncRNAs, 282 were co-regulated with an associated (adjacent or overlapping) protein-coding gene, and approximately 60 lncRNA species were co-regulated with an infection-or immune-related protein-coding gene. Employing qRT-PCR, we validated the results of the microarray for several of these co-regulated, potentially immune-related lncRNA and mRNA species. Using a T. gondii strain deleted for the ROP16 gene -which encodes a protein controlling STAT activation -we found that this host-directed kinase controls expression of two lncRNAs. Our new findings show that T. gondii is a strong stimulator of the lncRNA transcriptome in host cells and that the parasite exerts an important influence on this response in a strain-specific manner.
Results
Hundreds of putative lncRNAs are differentially regulated during infection with T. gondii. We infected mouse bone marrow-derived macrophages (BMDM) with high (Type I, RH) and low (Type II, PTG) virulence T. gondii at a 4:1 ratio of parasites to cells. This MOI resulted in approximately 80% infection for both strains ( Supplementary Fig. S1 ). Samples of RNA were prepared 6 hr after infection, a time prior to the first parasite mitotic division when on average there was a single parasite per infected cell ( Supplementary Fig. S1 ). Using a commercial microarray (Arraystar), we examined the differential gene expression of 35,923 putative lncRNAs after infection. The array was constructed using public transcriptome databases (Refseq, UCSC knowngenes, Ensembl, etc.), as well as relevant publications 23, 24 . Differentially expressed lncRNAs and mRNAs were identified through p-value (<0.05) and fold change filtering (>2 fold up or down). The complete dataset is provided in Supplementary Data S1. Hierarchical clustering of the differentially regulated lncRNAs in three replicate experiments indicated that both RH and PTG infections regulated lncRNA expression and that the lncRNA landscape differed between the two infections ( Fig. 1a ). We also used volcano plot analysis to visualize the differentially expressed lncRNAs. This technique reveals significant changes in large sets of replicate data by plotting fold changes versus p-values. We identified substantial populations of lncRNAs that were up-or down-regulated in a statistically significant manner by RH and PTG infection ( Fig. 1b ). As shown in Fig. 1c , 770 lncRNAs were upregulated during RH infection, and a similar number were down-regulated. Infection with PTG had less extensive effects on lncRNA expression, with a total of 277 species upregulated and 251 down-regulated. 133 lncRNAs were upregulated by PTG relative to RH, while 174 lncRNAs were down-regulated. A total of 282 lncRNAs were either up-or down-regulated during infection with each strain type as depicated by Venn diagrams ( Fig. 1d and Supplementary Data S2). However, a substantial number of lncRNAs were regulated in a parasite-strain-specific manner. Taking together all three comparisons (RH vs. uninfected, PTG vs. uninfected, and PTG vs. RH), 1,902 unique lncRNAs were identified in the microarray as significantly differentially regulated. We examined how these lncRNAs were distributed according to protein coding genes (Fig. 1e ). The majority of the lncRNAs were either intergenic (>1 kb from the promoter of a protein coding gene) or exon-sense overlapping (overlapping an exon of a protein-coding gene in the sense direction).
Not only were many lncRNAs differentially regulated, but also the magnitude of the observed fold changes was large (Table 1) . For all three strain comparisons, the top 20 hits had fold changes larger than ±7, and 31 lncRNAs had fold changes larger than ±20. Notably, infection with high-virulence RH had greater impact on the number and magnitude of lncRNA responses than low-virulence PTG. For example, the average magnitiude of upregulated responses shown in Table 1 was 54.8 and 18.7 for RH and PTG, respectively. These effects could not be attributed to differences in replication rate (and therefore antigen load per cell) because the analyses were carried out 6 hr after infection, prior to the first parasite cell division. Also, the difference in the number of lncRNAs regulated between RH and PTG was not due to invasion efficiency, as percent infection was approximately 80% for each strain.
We also note that 17 putative lncRNAs that were regulated by infection mapped to ultraconserved regions of the genome 25 , suggesting that they may function across species (Table 2 ). This result is potentially significant because lncRNA are generally regarded as poorly conserved through evolution. Using qRT-PCR, we validated expression for one ultraconserved region uc.70 ( Supplementary Fig. S2 ). We note that these ultraconserved regions were identified through genomic sequence comparisons and are generally not based on transcriptomic data. Therefore, the transcripts for these ultraconserved regions would need to be mapped out before further study.
Hundreds of mRNAs are differentially regulated during infection with Toxoplasma. In addition
to lncRNAs, the microarray contains probes for 24,881 mRNAs, enabling the measurement of changes in expression of protein-encoding transcripts in response to infection. Consistent with results from Fig. 1 , hierarchical clustering ( Fig. 2a ) and volcano plot filtering ( Fig. 2b ) revealed parasite-strain-specific control of mRNA expression. 1,583 mRNAs were differentially regulated during infection with the high-virulence RH strain compared to an uninfected control ( Fig. 2c ; the complete data set is shown in Supplementary Data S3). 582 mRNAs were differentially expressed during infection with the less-virulent PTG strain compared to an uninfected control. 358 mRNAs were differentially regulated between RH and PTG. Venn diagrams ( Fig. 2d) show that there is overlap (342 total) in the up-or down-regulated mRNAs by RH and PTG infection. A compiled list of mRNAs regulated during both RH and PTG infection is included in Supplementary Data S4. In addition, and particularly for RH, there was substantial parasite-strain-specific regulation of mRNA expression. Altogether, 1,927 unique mRNAs were identified in the microarray as significantly differentially regulated across all three comparisons (RH vs. uninfected, PTG vs. uninfected, and PTG vs. RH). Table 3 shows the top 20 differentially regulated mRNAs for pairwise comparisons of RH vs. uninfected, PTG vs. uninfected, and PTG vs. RH. pathways identified were regulated in a parasite strain-specific manner. For example, infection with RH was associated with regulation of macrophage differentiation and negative regulation of the JAK-STAT cascade ( Supplementary Fig. S3e and f). KEGG Pathway analysis identified many immune-related and infection pathways as differentially regulated in the microarray, including cytokine-cytokine receptor interaction, TGF-beta signaling pathway, Toll-like receptor signaling pathway, RIG-I-like receptor signaling pathway, JAK-STAT signaling pathway, chemokine signaling pathway, Wnt signaling pathway, RapI signaling pathway, measles, malaria, HTLV-1 infection, Hepatitis B, Hepatitis C, and tuberculosis ( Supplementary Fig. S4 ). KEGG analysis also revealed parasite strain-specific pathway enrichment. For example, RH infection was associated with selective enrichment of pathways involved in cytokine-receptor interaction, the JAK-STAT pathway and the p53 signaling pathway ( Supplementary Fig. S4e and f).
Four co-regulated lncRNAs and mRNAs were validated by qRT-PCR. Many known lncRNAs reg-
ulate adjacent or overlapping protein-coding genes in a cis-regulatory manner 26, 27 . For this reason, we examined the 282 lncRNAs that were co-regulated with a nearby protein-coding gene (Supplementary Data S5). Of these 282, we identified ~60 lncRNAs that were co-regulated with infection-or immune-related protein-coding genes (Supplementary Data S5), suggesting a potential regulatory role for these lncRNAs in the immune response. From this list, we chose 4 lncRNAs to validate by qRT-PCR: Socs2-lnc, Csf1-lnc, Il1rn-lnc, and Ifi44-lnc. Socs2-lnc (uc007gwf.2) is associated with the protein-coding gene Socs2, a suppressor of cytokine synthesis possibly involved in the anti-inflammatory response during T. gondii infection 28 . Csf1-lnc (ENSMUST00000155557) is associated with the protein-coding gene csf1, a cytokine that drives stem cell differentiation into the macrophage lineage 29 . Ifi44-lnc (ENSMUST00000133888) is associated with Ifi44, an interferon-alfa inducible protein connected with viral infection 30 . Il1rn-lnc (ENSMUST00000143423) is associated with Il1rn, an antagonist cytokine that inhibits activities of interleukin 1 and modulates the interleukin 1 immune and inflammatory responses 31 . We designed primers to bind a unique region of each lncRNA and co-regulated mRNA. qRT-PCR largely confirmed that lncRNA transcripts were up-or down-regulated (≥or ≤2-fold) during infection with either the RH or PTG in a manner similar to the microarray ( Fig. 3a and b Table 2 . Differentially regulated lncRNAs that map to ultraconserved genomic regions. The "Relationship" column denotes the relationship between the lncRNA and its associated (overlapping or nearby) gene. The "Coregulated" column denotes differential regulation of both the lncRNA and its associated mRNA.
directionality (up, down, or not regulated) of transcription changes compared to uninfected samples was consistent between the qRT-PCR data and the microarray data. Likewise, mRNA transcripts were similarly regulated in both the microarray and qRT-PCR ( Fig. 3c and d) . Nevertheless, during infection with the PTG strain, we identified two loci, Ifi44-lnc and Socs2, that were not expressed in the microarray but did appear to be regulated in the qRT-PCR.
Toxoplasma rhoptry kinase ROP16 manipulates expression of host lncRNA. During intracellular infection, T. gondii secretes a subset of effector molecules whose activities modify host responses to infection 32 . One example is the rhoptry protein ROP16, a kinase that directly activates host cell STAT3 and STAT6 17, 21, 33, 34 . While Type I ROP16 possesses strong STAT kinase activity, Type II ROP16 is catalytically inactive. Previous studies in BMDM indicate that 538 protein-coding genes are regulated by Type I (RH) ROP16 18 . We hypothesized that the activity of ROP16 extends to control of lncRNAs, particularly those strongly up-regulated by the Type I RH strain relative to the Type II PTG. By using engineered ROP16 deletion and complementation mutants created on the RH background 17 , we examined expression of three lncRNAs that showed evidence of Type I strain-specific up-regulation: Socs2-lnc, Csf1-lnc, and Il1rn-lnc. Expression of Csf1-lnc and Socs2-lnc was significantly reduced during infection with the ROP16 deletion mutant (RH∆16) compared to RH ( Fig. 4a and b ). Complementation of RH∆16 with a functional copy of ROP16 (RH∆16:1) restored the up-regulation phenotype. In contrast, Il1rn-lnc was not controlled by ROP16, and the expression of Il1rn-lnc RH∆16 in Fig. 4c is similar to that of RH and RH∆16:1. As a positive control for a gene controlled by ROP16, we examined the expression of an mRNA (Il4i1) that we suspected was also controlled by ROP16 based upon the strain-specific expression pattern. Il4i1 protein-coding mRNA expression was also significantly lower in the RH∆16 strain (Fig. 4d ). Our data demonstrate that the secreted parasite effector molecule ROP16 regulates several putative host lncRNAs. Additionally, to isolate effects of live infection from other potential sources of gene regulation (such as the presence of dead parasites or soluble parasite protein), we examined expression of Socs2-lnc after addition of live, dead, and soluble tachyzoite antigen (STAg). Addition of dead parasites and STAg did not result in increased expression of Socs2-lnc, suggesting that Socs2-lnc is induced by live T. gondii infection ( Supplementary Fig. S5 ).
Discussion
In this study we employed a microarray approach to comprehensively survey host lncRNAs that are regulated during intracellular infection of macrophages with T. gondii. We identified ~900 putative lncRNAs that were up-regulated by infection, and a similar number whose expression was down-regulated. A subset of the parasite-regulated lncRNAs was associated with mRNA transcripts that encode immune response genes. We selected four of these lncRNA molecules for validation by qRT-PCR: Socs2-lnc, Csf1-lnc, Il1rn-lnc, and Ifi44-lnc. We determined that expression of Socs2-lnc and Csf1-lnc depended on the parasite rhoptry kinase ROP16. Our lncRNA screen was performed in vitro using a single host cell type, and therefore it is possible that we are missing some important lncRNAs that are induced in vivo but not in our BMDM cultures. Nevertheless, the fact that we have identified several lncRNAs that are regulated by Toxoplasma in our study of macrophages (which are a major host reservoir during in vivo infection) provides rich ground for further analysis. We also cannot rule out that some of our observed expression effects may not be due to live infection and could be due to the presence of dead parasites, the presence of soluble parasite extract, or the phagocytosis of live parasites. While some of our identified lncRNAs may be induced by these other factors, they still may be important for the immune response to T. gondii infection.
The microarray simultaneously enabled us to examine the expression of 24,881 mRNAs, and we identified 1,927 protein-coding transcripts that were differentially regulated during T. gondii infection. Our results are consistent with prior studies on BMDM responses to Toxoplasma. For example, expression levels of ccl17, csf1, ccl24, ccl7, cxcl2, and Socs2 in response to infection agree with previous publications 18, 35 . While the focus of the present study was on lncRNA expression patterns, the mRNA expression analysis allows the placement of this study in the context of previous work.
We examined lncRNA responses to infections with Type I RH and Type II PTG parasite strains, which are commonly found in European and North American host populations. The Type I strains exhibit a highly virulent phenotype in mice in that one tachyzoite is sufficient to cause death before encystment [36] [37] [38] . There is also epidemiological evidence that Type I strains cause more severe pathology in humans 39, 40 . The Type II strains The experiments were completed a minimum of three independent times. display decreased virulence in mice and can establish long-term infection through formation of quiescent cysts. Previous experiments using BMDM show that Type I tachyzoites drive an M2 phenotype, whereas Type II parasites drive an M1 phenotype. Therefore, some of the strain-specific effects on lncRNA expression may reflect generalized M1/M2 responses 17, 18 . Infection with Type I RH induces a massive pro-inflammatory cytokine response that likely contributes to death 41, 42 . Paradoxically, in vitro studies show that Type II strains elicit stronger IL-12 responses from macrophages, a response that results from NFκB activation by the parasite secretory molecule GRA15 [43] [44] [45] . It is also well known that Toxoplasma Type I strains evade host IFN-γ-induced immunity-related GTPase destruction of the parasitophorous vacuole through the activities of secretory rhoptry proteins ROP5, ROP17 and ROP18 [46] [47] [48] [49] [50] . The findings in the present study indicate that the impact of parasite strain type also extends to host lncRNA expression. For example, we observed a substantial difference in the number of differentially regulated lncRNAs between Type I RH and Type II PTG (1522 and 528, respectively). Given the emerging understanding of the importance of lncRNAs in infection and immunity 3 , we hypothesize that noncoding RNA responses will prove to be important determinants of virulence.
During invasion, tachyzoites inject the rhoptry protein ROP16 into the host cell cytoplasm. Type I ROP16 is a host-directed kinase that phosphorylates STAT3 and STAT6. Type II parasite strains express a form of ROP16 that lacks kinase activity. In addition to cytoplasmic STAT activation, ROP16 contains a nuclear localization sequence 21 . This characteristic raises the possibility that ROP16 possesses other activities that may require localization to the host cell nucleus. In this regard, a yeast 2 hybrid system was recently used to identify host proteins Dnaja1 (DnaJ heat shock protein family member A1) and Gabra4 (gamma-aminobutyric acid A receptor, subunit alpha 4) as non-STAT proteins that interact with ROP16 51 .
Here, we identify two lncRNA molecules whose expression depends upon ROP16, namely Csf1-lnc and Socs2-lnc. Csf1-lnc is a lncRNA associated with the gene that encodes the cytokine Csf1, which drives hematopoietic stem differentiation into macrophage lineage cells. Socs2-lnc is a lncRNA that overlaps with the Socs2 gene. Socs2 has previously been implicated in anti-inflammatory responses to T. gondii 28 . In the case of Socs2-lnc, deletion of the entire ROP16 gene on the Type I background had a much more profound impact than loss of ROP16 kinase activity in Type II PTG. One explanation of this result is that on a Type II genetic background the dense granule protein GRA15 controls Socs2-lnc, as has been shown for the Socs2 gene itself 18 . Another explanation of this result is that Socs2-lnc expression is controlled by kinase domain-independent portions of the ROP16 protein.
The role of lncRNA in the immune system, particularly in the context of infection, is not well understood, but its importance is becoming increasingly clear 3, 52, 53 . During viral infection, for example, lncRNAs NEAT1, lncRNA-CMPK2, and lncBST2 control production of IFN and other antiviral cytokines [54] [55] [56] . Other lncRNAs, including GAS5, interfere with assembly by direct binding to viral structural components 57 . In mouse macrophages, both stimulation with bacterial lipopolysaccharide and infection with Listeria monocytogenes induces expression of lncRNA AS-IL1α and intergenic lncRNAs lincRNA-Cox2 and lincRNA-Tnfaip3. Through distinct mechanisms, each of these noncoding RNAs regulates expression of pro-inflammatory cytokines 6, 58, 59 .
While our work was in progress, another group used a similar microarray approach to identify lncRNA expression in human foreskin fibroblast cells infected with only Type II T. gondii 60 . In that study, a lncRNA designated NONSHAT022487 was up-regulated during infection of macrophages. Based on correlation analysis, it was suggested to play a role in suppression of UNC93B1, a molecule involved in TLR11/12-mediated recognition of Toxoplasma 61, 62 . Our study extends this work by showing that parasite strain exerts a strong influence on lncRNA expression patterns. We also show that the secretory kinase ROP16 controls expression of a subset of lncRNAs that are linked to immune response genes. Given the abundance of lncRNAs encoded within the genome as well as the increasing number of studies indicating their regulatory function, we hypothesize that lncRNAs are major regulators of the host response to Toxoplasma and other microbial pathogens.
Materials and Methods
Parasites and infections. Wildtype Toxoplasma strains RH and PTG, as well as engineered strains RH∆16 and RH∆16:1, were used in this study. The latter two strains were constructed and kindly provided by D. Bzik and B. Fox (Dartmouth Geisel School of Medicine). The construction of both mutant strains has been described previously 17 . In brief, the ROP16 coding region was deleted in the Type I RH strain KU80 knockout background by homologous recombination of a HXGPRT marker. The RH∆16 strain was then complemented with a single copy of a functional allele of ROP16 from Type I RH by replacement of HXGPRT at the ROP16-deleted locus to generate strain RH∆16:1. RH was heat-treated for 30 minutes at 65 °C to kill T.gondii for experiments with inactivated parasites. Soluble tachyzoite antigen (STAg) was prepared according to a previously published protocol 63 . STAg was added to BMDM at a concentration of 20 µg per 10 6 BMDM.
Tachyzoites of all strains were maintained by approximately twice-weekly passage on human foreskin fibroblast monolayers in human fibroblast medium (HFM) consisting of DMEM (Life Technologies) supplemented with 1% heat-inactivated bovine growth serum (Thermo Fisher Scientific), 100 U/mL penicillin (Life Technologies), and 0.1 mg/mL streptomycin (Life Technologies). Infections were accomplished by addition of tachyzoites to mouse BMDM (4:1 ratio of parasites to cells) on 12-well plates (Falcon, non-tissue culture treated). Plates were briefly centrifuged (3 min, 200 × g) to initiate contact between tachyzoites and macrophages. Cultures were incubated 6 hrs (37 °C, 5% CO 2 ), then cells were harvested for RNA extraction. Percent infection and number of tachyzoites per infected cell were calculated using an Olympus BX51 immunofluorescence microscope. DAPI was used to stain the nucleus. Toxoplasma-specific polyclonal antibody conjugated to FITC (ThermoFisher Scientific) was used to stain the parasites. of bone marrow cells by 5-day culture in L929-containing supernatants, as previously described 64 . One day prior to infection, BMDM were harvested, counted, and plated on 12-well tissue culture plates in HFM at a concentration of 1-2 × 10 6 cells per well.
Generation of BMDM.
Microarray and data analysis. Total RNA was prepared from BMDM by RNeasy Mini Kit purification (Qiagen). Total RNA from each sample was quantified using a NanoDrop ND-1000 (ThermoFisher Scientific), and the RNA integrity was assessed using standard denaturing agarose gel electrophoresis. Microarray analysis was carried out by Arraystar, Inc. using the Mouse LncRNA v3.0, an Agilent Array platform (Agilent Technologies, Inc.). The sample preparation and microarray hybridization were performed based on Agilent standard protocols with minor modifications. Briefly, mRNA was purified from total RNA after removal of rRNA (mRNA-ONLY ™ Eukaryotic mRNA Isolation Kit, Epicentre). Then, each sample was amplified and transcribed into fluorescent cRNA along the entire length of the transcripts without 3′ bias utilizing a mixture of oligo(dT) and random primers (Arraystar Flash RNA Labeling Kit, Arraystar). The labeled cRNAs were hybridized onto the Mouse LncRNA Array v3.0 (8 × 60 K, Arraystar). After washing slides, the arrays were scanned by the Agilent Scanner G2505C.
Agilent Feature Extraction software (version 11.0.1.1) was used to analyze the acquired array images. Quantile normalization and subsequent data processing were performed using the GeneSpring GX v12.1 software package (Agilent Technologies). After quantile normalization of the raw data, lncRNA and mRNA for which at least 3 out of 9 samples had flags in Present or Marginal ("All Targets Value") were chosen for further data analysis. Differentially expressed lncRNA and mRNA with statistical significance were identified through Volcano Plot filtering between two groups using the R software package. Pathway analysis and GO analysis were applied to determine the roles that these differentially expressed mRNA played in these biological pathways or GO terms (https://www.genome.jp/kegg/; http://www.geneontology.org/). Hierarchical clustering, using R heatmap.2, was performed to display the distinguishable lncRNA and mRNA expression patterns among samples. Normalized intensities were used as the values. The distance metric was Euclidean and the linkage criterion was average. (https://www.rdocumentation.org/packages/gplots/versions/3.0.1/topics/heatmap.2) (https://www.rdocumentation.org/packages/stats/versions/3.5.1/topics/hclust) Additional data analysis was performed using the Microsoft Excel software.
Quantitative RT-PCR. Total RNA was prepared using a RNeasy Mini Kit (Qiagen), and samples were subjected to Turbo DNase treatment (Life Technologies). RNA was converted to cDNA using the SuperScript IV VILO Master Mix (ThermoFisher Scientific). Quantitative PCR was performed on target genes and normalized to the expression of the housekeeping gene Ppia using the SYBR green method (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad) and the Bio-Rad CFX96 RT-PCR machine. Expression relative to uninfected control samples was calculated using the ∆∆C t method. A control with no added reverse transcriptase was included for each sample. Primer sequences used are shown in Table 4 . For our Socs2-lnc primers, some of our samples (such as uninfected and RHΔ16) were occasionally at the limit detection of our qRT-PCR assay. In those cases, we used 35 cycles as the Cq. 
